Introduction
The potentiometric response of liquid membrane-type ionselective electrodes (ISEs), based on neutral or electrically charged ionophores, [1] [2] [3] strongly depends on the number of ionic sites trapped into their membrane phases.
The presence of anionic sites, which are currently routine components of ISEs incorporated with neutral ionophores, delivers many favorable aspects, such as: a reduction of the interference by lipophilic counterions, 4 the creation of permselectivity, 5 a reduction of the response time, a reduction of the electrical membrane resistance, and an improvement in the selectivity for divalent cations over monovalents. [6] [7] [8] Yajima et al. 9 have experimentally examined the influence of ionic sites on the charge separation at the membrane interface by using optical second harmonic generation (SHG). They have concluded that the counterion-independent EMF response of neutral carrier-based ISEs is indeed only possible in the presence of anionic sites.
The beneficial influence of ionic sites on controlling the potentiometric selectivities of ISEs based on electrically charged ionophores (they gain charge due to dissociation of the primary or counter ions) has been demonstrated very recently, both theoretically and experimentally. 10 It has been stated that there is no fundamental difference between charged and neutral ionophores with respect to the relationship of complex formation constants and the selectivities of ISEs, if appropriate ionic additives are used.
However, there are ionophores, which cannot be easily fitted into one of the "charged ionophore" categories. Examples for these ionophores include a range of carboxylic acid-type ionophores, such as monensin and lasalocid. 11, 12 Not only deprotonated (negatively charged) but also protonated (neutral), ionophores could form complexes with cations. In such cases, both cationic and anionic additives lead to cationic EMF responses. To explain this behavior, the theoretical description was extended by including the ion-exchange equilibrium between the dissociated proton from the acid-type ionophore and the analyte cation in the sample solution. 11, 12 Macrocyclic pentaamines 13 have been applied as a sensory element for ISEs to discriminate organic anions. [14] [15] [16] This type of ionophore is known to acquire a strong anion receptor function by multiple protonation in acidic to neutral aqueous solutions. 13 In liquid membranes, this ionophore, neutral itself, gains its active charged form upon protonation at the membrane surface, and consequently recognizes analyte anions in the sample solution. 13 Due to this characteristic feature, macrocyclic pentaamine can not be included into the above group of charged ionophores. Thus, it is very interesting to explore the properties of ISEs incorporated with macrocyclic pentaamine together with anionic sites, both from theoretical and practical points of view.
In this work, the response characteristics of lipophilic macrocyclic pentaamine-based liquid membranes with varying concentrations of anionic sites were examined to determine the optimum anionic site concentrations of lipophilic macrocyclic pentaamine-based liquid membranes. To quantitatively discuss the influence of anionic site concentrations on the observed EMF response behaviors, we used a diffuse double layer-based model describing the relationship between the number of ionic sites in the membrane bulk and the extent of the charge separation at the surface of the membranes.
Experimental

Reagents
All of the reagents were of the highest grade commercially available and used without further purification, unless mentioned otherwise. Deionized and charcoal-treated water (18.2 MΩ, PLUS reagent-grade water system (Millipore, Bedford, MA, USA)) was used for preparing sample solutions. Poly(vinyl chloride) (PVC), bis(2-ethyl-hexyl)phthalate (DOP), maleic acid, phosphate disodium salt, ortho phosphoric acid, tetrahydrofuran (THF) and potassium tetrakis(pchlorophenyl)borate (KTClPB) were purchased from Wako Pure Chemicals (Osaka, Japan). A lipophilic derivative of macrocyclic pentaamine (C16H33- [16] aneN5) [1] was synthesized according to a previously reported procedure. [16] [17] [18] Membrane preparation and EMF measurements Solvent polymeric membranes containing 1.5 wt% lipophilic macrocyclic pentaamine [1] , 73.5 wt% plasticizer (DOP), 25 wt% PVC and anionic salt (KTpClPB) at the concentration versus to ionophore: 1 mol%, 10 mol% and 100 mol%, were prepared as follows: A homogeneous solution of lipophilic macrocyclic pentaamine, KTpClPB, DOP and PVC in THF (distilled from KOH prior to use) was poured into a glass ring (0.8-cm diameter) standing on a glass plate; the solvent was allowed to evaporate for 48 h. The thus-prepared membrane was mounted on a glass tube by Teflon tape. The membranes were conditioned in 10 -3 M of maleic acid in the presence of 10 -3 M sodium phosphate (pH 4.0). As an internal filling solution, 10 -1 M KCl was used.
The cell assembly for the potentiometric measurements was as follows:
Ag |AgCl |3MKCl 0.1 M LiOCOCH3 sample solution |membrane |0.1 M KCl |AgCl |Ag.
The sample solutions were prepared by dissolving an appropriate amount of maleic acid to obtain a concentration of 0.1 M. The pH of these solutions was adjusted to 4.0 by adding H3PO4. The calibration solutions were obtained by successively diluting the thus-prepared stock solution by 0.1 M of sodium phosphate solution (10 -3 M; pH 4.0).
Results and Discussion
Theory
The sample solution contains a fixed concentration of supporting electrolyte, E + L -, and a varying concentration of primary salt, M + X -. The ionophore I is confined in the membrane. Only the primary anion X -can be complexed with protonated ionophore IH n+ (stoichiometry 1:1; stability constant βIHX), where n is the number of the protonation of the ionophore. The complex, IHX (n-1)+ , and the anionic site, A -, are the lipophilic species that are present only in the membrane phase. When an aqueous solution containing primary ion salt and a supporting electrolyte is equilibrated with the membrane, salt extraction into the membrane bulk occurs. The amount of the extracted salts into the membrane bulk strongly depends on the concentration of ionic sites in the membrane phase. The total concentration of the salts in the membrane bulk, C mem salt, tot , can be expressed as 17, 18 ( 1) with , and where C mem species and C aq species are the concentration of each species in the membrane and the aqueous sample solution bulk, respectively, and kspecies is the single-ion distribution constant of each species.
Under the distribution equilibrium of the primary ion, X -, between the aqueous and membrane side of the interface, a complexation reaction between the primary ion and the ionophore occurs, i.e., (0) are, respectively, the protonated and complexed ionophore at the OHP on the membrane side of the interface. Under the assumption that the concentration of the unprotonated ionophore is constant throughout the membrane phase, the protonated ionophore concentration at the OHP, C mem IH + (0) , can be expressed for the simplest case with n = 1 and a high concentration (≈0.1 M) of the supporting electrolyte as 17, 18 (3)
where βIH and βIHX are the stability constant between the ionophore, I, and a proton, H + , and that between the protonated ionophore, IH + , and the primary ion, X -, respectively. Equation Based on the ionic concentrations at the OHP on the membrane side of the interface, the surface charge density, σ mem , can be expressed as [17] [18] [19] [20] (4) Finally, the phase boundary potential, Eb, can be described as a function of the salt concentration in the bulk of the membrane, C mem salt, tot , and the surface charge density at the membrane side of the interface, σ mem , as (5) where ε0 is the permittivity of the vacuum, εmem the relative permittivity of the membrane and R and T have their usual significance.
Influence of the site concentration on the surface charge density and the phase boundary potential Figure 1 shows the calculated phase boundary potentials of macrocyclic pentaamine-based membranes with varying concentrations of the anionic sites. When the concentration of the anionic sites is equal to the total concentration of the ionophore (C Amem = 1.0 × 10 -2 M), the phase boundary potential does not change upon changing the concentration of the anionic analyte in the aqueous solution (Fig. 1a) . This result can be explained since at the membrane surface there are no protonated pentaamine ionophore molecules that can form complexes with anionic analyte molecules because all protonated ionophores are neutralized by the same amount of anionic sites in the membrane phase. With decreasing the concentration of anionic sites in the membrane phase down to 1 × 10 -3 M and 1 × 10 -4 M, the potentiometric responses to the anionic analyte become stronger, reflecting the increase in the amount of the protonated ionophore at the membrane surface (Fig. 1b and c) . A further decrease in the concentration of anionic sites, however, leads to a decrease in the potentiometric response to the anions. This result is ascribed to extraction of the anionic analytes together with countercations from the sample solution into the membrane bulk ( Fig. 1d and e) . Figure 2 shows the observed potentiometric responses to maleic acid at pH 4.0, obtained with 44 mM macrocyclic pentaamine-loaded DOP membranes with 44 mM of KTpClPB ( ), 4.4 mM of KTpClPB ( ), 0.44 mM of KTpClPB ( ) and without KTpClPB ( ) providing for anionic sites. At this pH, maleic acid exists as a monoanionic form in the aqueous sample solution because the pKa values of maleic acid are 1.94 and 6.23. A membrane with 100 mol% of anionic sites ( ) with respect to the ionophore showed no potentiometric response to the maleate anions. This result can be explained by the loss of the protonated ionophore at the membrane surface to bind the anionic maleate because all protonated ionophores in the membrane phase are neutralized by the same number of anionic sites. Upon decreasing the concentration of anionic sites, the potentiometric response to the maleate anions became larger, reflecting the increase in the amount of uptake of the maleate anions into the membrane surface by the formation of complexes between protonated ionophores and anionic maleates. The magnitude of the potentiometric response of membranes with 1 mol% of anionic sites was comparable to that of membranes without anionic sites.
Dependence of the EMF response on the concentration of anionic sites
To corroborate the theoretical prediction of the dependence of the potentiometric response on the anionic site concentrations, the phase boundary potentials were calculated based on the proposed diffuse double layer-based model. In this calculation, for the protonation constants of the ionophore, the reported values of macrocyclic pentaamine without a long side chain were used. 13 However, the single-ion distribution coefficients of H + , Na + , and maleate -ions between the aqueous and DOP phases have not been reported. We used, instead, the reported values of the single-ion distribution coefficients of H + and Na + between the aqueous and 1,2-dichloroethan phases, 21, 22 and of the distribution coefficient of maleic acid between the aqueous and diethyl ether 23 as an approximation. In addition, the stability constant between protonated ionophores and maleate anions has not yet been determined. We therefore decided to evaluate the stability constant by fitting the calculated phase boundary potential to the observed potentiometric responses.
The phase boundary potential that was calculated with 3.16 × 10 10 M -1 of the complexation stability constant for the corresponding membranes is shown in Fig. 2 as solid lines. It can be seen that, for membranes with 100 mol%, 10 mol% and 1 mol% of the anionic sites with respect to the ionophore concentration, the calculated phase boundary potentials are able 1223 ANALYTICAL SCIENCES OCTOBER 2001, VOL. 17 to fit the observed EMF values with the same complexation stability constant (Fig. 2 a -c) . This result suggests the validity of the diffuse double layer-based model proposed here. It should be noted that even when smaller or larger values of the complexation stability constant were used, the calculated EMF responses of membranes with 10 mol% and 0.1 mol% of anionic sites were weaker than that with 1 mol% of anionic sites.
On the other hand, the calculated response of the membrane without anionic sites was smaller than that of the observed one (Fig. 2d) . This result most likely came from the fact that PVCsupported liquid membranes contains a small amount of anionic sites as impurities; 24, 25 the reported concentration range of anionic sites as impurities in typical PVC liquid membranes is from 0.05 mM to 0.6 mM, which corresponds to 0.1 -1.3 mol% with respect to the ionophore. On the basis of this theoretical consideration, the optimum anionic site concentrations of macrocyclic pentaamine-based liquid membranes can be determined to be 1 mol% with respect to the ionophore.
Conclusion
By measuring the EMF responses of macrocyclic pentaaminebased membranes with various concentrations of anionic sites, we found that the optimum concentration of anionic sites to obtain the strongest EMF response to anionic analytes was smaller than 1 mol% of the ionophore concentration. This value was comparable to the reported concentration range of anionic sites as impurities in PVC liquid membranes. This result explains why PVC liquid membranes based on macrocyclic pentaamine show strong responses to anionic analytes without added anionic sites. [14] [15] [16] The site concentration dependence of the EMF responses calculated from the diffuse double layer-based model was well fitted to the observed one with the same stability constant of the protonated pentaamine-anionic analyte complex for membranes with various concentrations of anionic sites. This result allows us to explain the influence of the anionic site concentrations on the EMF response of macrocyclic pentaamine-based membranes as follows. For membranes with optimum site concentrations, anionic sites facilitate the protonation of macrocyclic pentaamine molecules at the interface by electrostatic attraction between the anionic sites and protons. This leads to a stronger interaction between protonated hosts and anionic guests. For membranes with higher concentrations of anionic sites, electrostatic repulsion between the anionic sites and the anionic guest as well as electrostatic attraction between the protonated host and the anionic sites occur, leading to decreased EMF responses to anionic analytes. To determine the optimum of the anionic sites concentration is thus crucial when ionophores that acquire a strong anion receptor function by multiple protonation are used as a sensory element of liquid membrane ISEs.
